Three-dimensional (3D) reconstruction experiments were carried out by observing high-resolution 3D electrostatic potential distributions of Pt nanoparticles using off-axis electron holographic tomography. These Pt nanoparticles were mounted on the surfaces of amorphous silicon pillars. In order to realize high-resolution observation, we developed a mechanically stable 3D specimen holder with small specimen drifts and vibrations. From the 3D electrostatic potential distribution data of Pt nanoparticles (2.0 nm in diameter), we obtained the resolution of 1.5 nm.
Introduction
Transmission electron microscope (TEM) is a powerful tool for analyzing fine structures at an atomic scale. The TEM images can give only twodimensional (2D) information. To obtain 3D information from the 2D information, electron tomography was developed [1] [2] [3] and since then it has been used effectively [4] [5] [6] [7] [8] [9] [10] [11] . This technique is based on the principle of X-ray computer tomography and uses tilt series of 2D electron microscopic images to reconstruct 3D morphologies and inner structures on a computer, for example, 3D information of catalysts [4] and semiconductor devices [5] . The automated system for acquiring tilt series images were developed [6] [7] [8] . By combining tomography and electron holography, 3D observation of electromagnetic fields has been realized [9] [10] [11] .
Electron holography can measure electrostatic potentials [12] [13] [14] and magnetic fields [15, 16] by detecting phase shifts of electron waves passing through the specimen. The phase shift w(x,y) of non-magnetic specimens with only electrostatic potentials can be written as [13] wðx; yÞ ¼ C E ð V ðx; y; zÞ dz;
where C E is the wavelength-dependent interaction constant (0.00652 rad V −1 nm −1 at an accelerating voltage of 300 kV), V(x,y,z) the electrostatic potential and z the electron beam direction. Since the integral of the electrostatic potential information along the beam direction is detected as the phase shift, it satisfies the projection requirements of 2D images for successful 3D reconstruction [3] . Thus, electron holography can be used to investigate 3D electrostatic potential distributions by combining tomography. In the present 3D observation of electrostatic potential distribution using electron holographic tomography (EHT), the spatial resolution is 10 nm [11] . Resolution improvements are necessary to apply EHT to developments of materials in a nanometer scale or an atomic scale.
To obtain high-spatial-resolution 3D electrostatic potential distribution, the spatial resolution of 2D phase images used for 3D reconstruction must be high. Moreover, precise detection of phase shifts requires holograms having high signal-to-noise ratios. For this purpose, two methods have been developed: employment of cold field-emission gun in order to increase coherent electron beam intensity [17] and extension of exposure time [18] . The long exposure time causes bad effects on the holograms such as image drifts and contrast reduction due to mechanical drifts and vibrations of the TEM system. For the observation with a magnification of 200 000 or more, drifts and vibrations of the 3D specimen holder must be minimized. In addition, drifts must be suppressed every time the specimen is tilted because several dozens of continuous images of the tilt series have to be taken in the tomography analysis.
The present experiment was carried out to observe high-resolution 3D electrostatic potential distribution using the EHT. For this purpose, a mechanically stable 3D holder was developed. As observation specimens, platinum nanoparticles (2 nm in diameter) were distributed on the amorphous silicon pillar tips mounted on the 3D holder. A spatial resolution of 1.5 nm was obtained based on the analysis using the modified Fourier shell correlation (FSC) method [19] .
Methods Instrumentation
The holography observation was performed using Hitachi HF-3000X TEM (Hitachi High-Technologies Co., Japan) equipped with a cold field-emission gun operated at 300 kV. A charge-coupled device camera with 2048 × 2048 pixels (ORIUS™ SC200, Gatan, Inc., USA) was used to acquire holograms.
The developed 3D holder was designed to realize the following characteristics: 360°observation, small drifts, small vibrations, small image shifts during the rotation and precise specimen rotations. Figure 1a shows the developed 3D holder and Fig. 1b shows the enlarged part of the tip at the left end of the specimen holder. Specimens are mounted on the tip of the needle. The direction of the electron beam is perpendicular to the figure plane. The rotation rod can turn 360°so that the specimen can be illuminated from all directions perpendicular to the rod. In order to minimize specimen drifts after the specimen rotation, the rod is sandwiched between the plate spring and the rod support. The plate spring strength is adjustable to minimize the specimen drift while keeping a smooth rotation of the rod. Figure 2 shows the time developments of the drift speeds after the 2°rota-tion; the specimen drift speeds were suppressed down to 1 nm min −1 in 4 min for directions both parallel and perpendicular to the rotation axis. To reduce vibrations, the size of the holder handle is reduced to half of our previous holder and as a result, TEM images with the spatial resolution of 0.11 nm are obtained. To minimize the TEM image shifts during the rotation, the rod support is set at 3 mm from the tip of the specimen needle. For precise specimen rotation, the rod is directly connected to the motor with an optical encoder. The accuracy of the rotation is evaluated to be ±0.01°F
ig. 1 . Photographs of the developed 3D holder. (a) The overall view and (b) the enlarged view of the specimen holder at the left end. Specimens are set on the tip of the needle and rotated 360°a round the rotation rod, which is sandwiched between the plate spring and the rod support to suppress drifts in a short time after the specimen rotation.
through the observation of Kikuchi-line movement of a Si crystal. Figure 3 shows the schematic representation of the prepared specimen. Platinum nanoparticles were distributed on the surface of the amorphous silicon pillar on the specimen needle tip of the 3D holder. For silicon pillar preparation, a focused ion beam (FIB) (FB-2100, Hitachi High-Technologies Co., Japan) and an Ar ion beam instrument Gentle Mill Hi (Technoorg Linda Ltd Co., Hungary) were used. The FIB was operated at the accelerating voltage of 40 kV. Amorphous silicon was cut and transferred to the tip of the specimen needle in the FIB using micro-sampling technique [20] and was shaped into a cylindrical pillar with a diameter of 150 nm. We set the axis of the pillar specimen to align with that of the specimen needle of the 3D holder. The pillar tips were thinned down to 20 nm in diameter using Ar ion beams. Gentle Mill Hi was operated at the acceleration voltage of 500 V. Finally, a colloidal liquid including Pt spherical nanoparticles with a 2-nm diameter (Tanaka Holdings Co. Ltd, Japan) was scooped up using a tweezer and was dropped on the pillar tip. The pillar was air-dried for 10 min at room temperature. In the colloidal liquid, Pt nanoparticles were covered with the polyvinylpyrrolidone, while the Pt nanoparticles distributed on the Si pillar surface were covered with a carbon-like layer formed by solidification of polyvinylpyrrolidone.
Sampling method

Electron holographic tomography
Holograms were obtained using the double-biprism electron interferometry system [21] , where interference widths and fringe spacings can be controlled independently. The biprisms were located parallel to the rotation axis of the specimen. Specimens were rotated at a 2°interval until the 180°rotation, and a series of holograms were taken at each interval. In order to obtain holograms under the condition of specimen drift speed <1 nm min , we waited for 4 min after each rotation.
The holograms were obtained under the following conditions: the width of the interference region was 73 nm, the fringe spacing was 0.67 nm and the exposure time was 5 s. As a result, the fringe contrast was 17%. The hologram taken in the vacuum area with a 10-s exposure was used as the reference hologram [11] . Subtracting the reference holograms from the object hologram, phase images of the specimen were reconstructed using the Fourier transform method [22] . This subtraction process can effectively correct the artifact signals due to distortions caused by the projective lens system, the camera and the biprisms. For the reconstruction process, the filter mask with the maximum spatial frequency of 0.75 nm −1 was employed. In order to reduce phase noises, we used averaged phase information taken from the five consecutive holograms for each specimen tilt condition [23] . The specimen drift during each exposure was corrected by the image correlation method after the phase reconstruction [23] . These procedures of obtaining phase images from the holograms were performed using Holo5, the plug-in software of Digital Micrograph (Gatan, Inc., USA). Each reconstructed phase image of the tilt series has an arbitrary phase offset when using this reconstruction method. All phase images of the tilt series were calibrated by setting each phase value in the vacuum region to be zero [11] . After this calibration, we corrected the shifts of the object position in the tilt series using the tracking marker method of IMOD software package [24] with the Pt nanoparticles as fiducial markers. First, the reconstruction of 3D data R(l,m,n) from the 2D phase images was carried out using the simultaneous iterative reconstruction technique [3] with 25 iterations. The relationship between the 2D phase images and 3D data is given by wðx; yÞ ¼ C E ð V ðx; y; zÞ dz
Rðl; m; nÞ; ð2Þ where l, m and n are pixel positions along the x-, y-, and z-directions, respectively, in the reconstructed 3D volume. The relationship between R(l,m,n) and the 3D electrostatic potential
where Δt is the reconstructed pixel length along the z-axis. From Eq. (3), the 3D electrostatic potential distribution V(l,m,n) is given by V ðl; m; nÞ ¼ Rðl; m; nÞ
In the reconstruction, the pixel length Δt was set at 0.149 nm.
Results and discussion Figure 4 shows the images of Pt specimens with a 2 nm diameter. Figure 4a shows a TEM image, where Pt nanoparticles are shown in black contrast. . The phase noise in the vacuum region was 0.023 rad. The signal-to-noise ratio of the nanoparticle in the phase image was about 14, and therefore the 2D distribution of the Pt nanoparticles was clearly observed. Figure 5 shows a 3D electrostatic potential distribution reconstructed from the total of 91 sets of hologram tilt series: Fig. 5a shows the cut formed by the two cross-sections of the x-z-plane perpendicular to the rotation axis and the y-and z-planes parallel to the rotation axis, and Fig. 5b shows the projected view cut by the cross-section of the y-and z-planes. The light blue region corresponds to the silicon base, the blue region corresponds to the carbon covering layer and the bluish-green region corresponds to Pt nanoparticles. In this way, 3D distribution of Pt nanoparticles was determined. The inner potential of the amorphous silicon base shown in the white rectangle in Fig. 5b was 11 .5 ± 0.2 V, which is in good agreement with the mean inner potential of 11.9 ± 0.9 V obtained by Wang et al. [26] . Figure 6 shows an example of the x-z cross-section of 3D electrostatic potential distribution. The nanoparticles separated by 2.0 nm are clearly identified.
Overall resolution of the present reconstruction was evaluated by employing the modified FSC method [19] , where the FSC is the 3D version of the 2D Fourier ring correlation method introduced by Saxton and Baumeister [27] . In the modified FSC method, first even-and odd-numbered images of the acquired tilt series are reconstructed separately and then they are transformed into the 3D Fourier space shown in Fig. 7 . The correlations between even and odd data are averaged out on the ring, which is indicated by the circumference of the base of the cone produced by the vectors tilted by θ from the rotation axis. These averaged-out correlations are defined as the modified FSCs; these modified FSC values are plotted as a function of the conical generatrix of the cone (see Fig. 7 ), which is equivalent to the spatial frequency. The resolution of the reconstruction is defined by the spatial frequency corresponding to the standard cut-off value of 0.5 of the modified FSC [19] . This means that in the spatial frequency region corresponding to the modified FSC value of 0.5 or larger, the reconstructed data have signals above the noise level. When this method was applied to the single tilting tomography, the resolution depends on θ [19, 28] . In the present study, θ is set at 90°which is considered to be the worst-case condition. Figure 8 shows the present modified FSC results of the reconstructed 3D electrostatic potential distribution as a function of spatial frequency. The spatial frequency corresponding to the modified FSC value of 0.5 is 0.66 nm −1 , which means that the spatial resolution is 1.5 nm.
In order to realize higher resolutions, the TEM magnification must be increased and the fringe spacing must be made finer. Moreover, to detect small phase shifts, reduction in the phase noises is necessary. For this purpose, the brightness of the electron gun must be increased and the drifts of the 3D holder must be reduced. For a brighter electron gun, the following procedures are promising: placement of a magnetic electron lens in the electron gun [29] and stabilization of a tungsten cold field emitter by employing an additional non-evaporative getter pump [30] . Another possibility to obtain higher resolutions is improvement of the phase reconstruction method. The resolution of the Fourier transform method depends on the fringe spacing and the radius of the sideband in the Fourier transform image [22] . In the method introduced by Fujita et al. [31] using coarse fringes, the resolution does not depend on the fringe spacing. In this method, background levels and amplitudes of the hologram are derived from the top and bottom values of the fringes. The phase reconstruction is performed using these parameters and the intensities of the fringe. On the other hand, a phaseshifting method was proposed by Ru et al. [32] and was applied to atomic-scale phase reconstruction by Yamamoto et al. [33] . Here, the phase is calculated using multiple holograms at different fringe positions. Since the resolution does not depend on the fringe spacing, the coarse fringes with higher contrasts can be used for reconstruction. The specimen position, however, have to be kept at the same pixel. Note that precise drift corrections after the image acquisition are necessary to obtain higher resolution. Using these phase reconstruction methods, further resolution improvements can be achieved.
Concluding remarks
To improve the spatial resolution in 3D reconstruction of electrostatic potential distributions in EHT experiment, we have developed a new 3D holder, Fig. 7 . Schematic presentation of the 3D Fourier space considered in the modified FSC method. Correlation of two 3D reconstructions from even-and odd-numbered images are averaged out on the ring, which is the circumference of the base of the cone produced by the vectors tilted by θ from the rotation axis. The resolution is determined by the maximum length of the conical generatrix (=spatial frequency), in which the modified FSC is above the cut-off. In the present experiment, θ was set at 90°(the worst-case condition) and the cut-off was set at 0.5 ( proposed by Penczek and Frank [19] ). equipped with the mechanical stability and the capability of precise specimen rotation. The holograms were obtained under the condition that the specimen drift speeds were smaller than 1 nm min −1
. An amorphous silicon pillar was mounted on this holder, and Pt nanoparticles of 2 nm in diameter were mounted on its surface. From the 3D reconstruction analysis using the modified FSC method, the spatial resolution of 1.5 nm was obtained.
